Introduction
International comparison exercises are used as an important tool to provide confidence in the capability of national metrology institutes and calibration laboratories. The quality systems of national institutes provide the basis for running comparisons, in our case, in the field of the radon activity concentration in air.
Interchange of an electronic radon measuring instrument (comparison device) which demonstrated ruggedness during shipping in the past was considered a convenient means for a relative comparison of radon reference atmospheres.
Before 2002, for radon activity concentration, neither a key comparison nor any other form of comparison had been performed within the scope of Euromet. The comparison presented here is the first step towards fulfilling the requirements of the MRA (21st General Conference of the Metre Convention (CGPM) in Paris on October 14, 1999: the Mutual Recognition Arrangement (MRA): 'Arrangement of mutual recognition of equivalence of national standards and of calibration certificates issued by national metrology institutes') for calibration certificates for the radon activity concentration. The basic concept of the comparison therefore is not to achieve uncertainties as small as possible by using special calibration procedures, but to use standard calibration procedures according to the quality systems of each calibration institute for the comparison device named CD (Radon monitor, type AlphaGuard, SN 1145) in the following.
In total, 12 institutes from 9 countries calibrated the CD according to their quality system at three different activity concentrations: 1 kBq/m 3 , 3 kBq/m 3 and 10 kBq/m 3 . For abbreviations of the institutes see chapter 3.
Traceability of the involved quantities
The traceability chains in their length as well as in their origin are fundamental for the correct analysis of the comparison data. Table 1 shows the involved quantities used in realizing a reference atmosphere and thus calibrating the comparison device (CD). 
II.
Traceability to a reference instrument (transfer standard): 
Traceability chain I. and II. :
The input quantity A is either from PTB 6.11 (Inte-UPC, NRPB, PSI, PTB, SUJCHBO), or from LNHB (IRSN) or from NIST (SSI). The activity is used to calibrate the reference instrument. This reference instrument is used to calibrate the comparison device.
Traceability chain II. :
The calibration factor k t from PTB 6.12 is directly used for ARCS, BEV, BfS, MPA, PTB, STUK.
The length of each individual traceability chain is summarized in the absolute value of the uncertainty which can be reached. While the uncertainty increases with the length of the traceability chain, the correlation (if there is one) decreases. Figure 1 shows this effect for the participants of the comparison.
Traceability of the measurements
All participants in the comparison are operating a quality system. This includes the existence of a traceability chain to national or international calibration standards as well as the statement of complete results (value with assigned uncertainty).
The traceability of the radon activity concentration is established by using either a reference atmosphere (primary standard) or one or more reference instruments (secondary standard).
Calibration by a primary standard is based on the specification of the activity concentration by means of a radon gas activity standard and a noble gas-tight vessel of known volume. The system under test and the radon gas activity standard are enclosed in the vessel. The activity concentration chosen for the point of calibration is calculated and compared to the reading of the system under test for the calculation of the calibration factor. 
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Step 5 uncertainty increases correlation decreases Figure 1 : Traceability chains for the radon activity concentration of the participants down to the calibration of the comparison device CD.
After calibration, the former system under test can now be used as a secondary standard. A calibration by a secondary standard is based on a comparison of the system under test to a reference instrument, which was calibrated in or traceable to a reference atmosphere in the past. The radon activity concentration chosen for the point of calibration is established, and both systems are exposed to it. The reading of the reference instrument and the system under test are observed simultaneously for the calculation of the calibration factor. The transfer of the quantity activity concentration (created by a radon gas activity standard and a noble gas-tight vessel of known volume) can also be performed by the use of Lucas cells instead of enclosing a system under test in the vessel.
An overview of some traceability chains for the radon activity and the radon activity concentration in Europe is shown in figure 2 . Detailed information about each participant in alphabetical order of the institutes is given in table 2. Figure 2: Traceability chains for the radon activity and the radon activity concentration of the participants. The arrows show the established transfer of the quantity, by sending from the institute at the starting point either a gas standard or a reference instrument to the institute at the ending point. Exception is SSI using a Ra-226 standard solution traceable to NIST as activity standard.
Data analysis
The number of participating institutes is N = 12, by numbers i = 1...N. The input quantities to the evaluation are the institutes' measurements, denoted by x i = k c,i and the standard uncertainties associated with these values, denoted by u(x i ).
In a first step, arithmetic mean and standard deviation are calculated. In a second step weighted mean and its assigned uncertainty is obtained. Finally the comparison reference value (CRV) and the coverage interval for 95 % is determined. The coverage interval so obtained is central with respect to probability, i.e. 2.5 % of the distribution of possible values lies to the left of the interval and 2.5 % to the right. It is not generally the shortest interval, unless the distribution is symmetric [1] [2] [3] [4] .
The comparison reference value (CRV) Y is calculated using X, the design matrix A and the covariance matrix U X , where u(
The fact of correlated results x i is expressed in this formula by the non-diagonal elements of the matrix U X . If all results would be uncorrelated, the matrix had only diagonal elements and the weighted mean value would be identical to the result obtained by equation (1) .
The degree of equivalence is calculated with regard to the CRV
as well as to each participant:
The results for the three calibration points are given in paragraph 2.1 to 2.3. The collected results for the calibration factor of the comparison device are given as vector X with standard uncertainties as vector U(X): 
Degree of equivalence to the CRV Degree of equivalence d j,k from institute j to institute k. The expanded uncertainty at 95 % is given by The collected results for the calibration factor of the comparison device are given as vector X with standard uncertainties as vector U(X): The results x i and u(x i ) for 3 kBq m -3 reported by each participant are given in figures 5 and 6. 
Degree of equivalence for 3 kBq m -3 :
Degree of equivalence to the CRV Degree of equivalence d j,k from institute j to institute k. The expanded uncertainty at 95 % is given by 
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Degree of equivalence for 10 kBq m -3 :
Degree of equivalence to the CRV Degree of equivalence d j,k from institute j to institute k. The expanded uncertainty at 95 % is given by The CD was always returned to the PTB after the calibration process was finished at an institute, and before being sent to the next one. During this stop-over, the CD's basic functions were tested, the background (due to build-up of 210 Po activity in the ionization chamber) was measured and the completeness of the equipment (including the collection of raw data files) was checked.
The progress of the comparison was documented by comparison newsletters via email.
The complete history of the CD exposure to natural or artificial atmospheres (activity concentration, temperature, pressure, humidity) is documented by its data files as well as in the accompanying lab book. This offers the possibility of correlating the total exposure of the CD to its background reading and of observing the amount of automatic background correction performed twice a year. The complete exposure history is given in Fig. 9 Figure 9: Background reading of the CD in comparison to the monthly integral (from 0 to 1 month) and overall integral activity concentration. The automatic background correction for this instrument is observable by the decrease of the background activity concentration twice a year.
Influence Parameters
The following parameters were considered to be potential influence parameters of the calibration:
1. Time (drift of response of the CD during the comparison) 2. Linearity of the response at different activity concentrations 3. Environmental parameters (temperature, humidity, pressure)
A drift in the response of the instrument would be observable by comparing the collected results of all participants in all three calibration points, since the calibrations were performed in series. As Fig. 10 shows, this is not the case in the scope of the assigned uncertainties.
10 code There is no non-linearity response of the CD detected in the range of the activity concentration of the comparison and its assigned uncertainties.
The calibrations were performed over a quite wide range of environmental parameters. Table 3 summarizes ranges for the environmental parameter. 
Summary
The Euromet project 657 was performed successfully according to the guidelines for Euromet projects and BIPM supplementary comparisons. The results of all participants are consistent in the scope of the assigned uncertainties.
In some cases the comparison initiated a detailed discussion of results, procedure of data analysis and calculation of uncertainties. This discussion will continue to achieve a better understanding of the respective measuring capabilities. The achievement of an even better agreement will therefore be possible.
The performance of a new comparison with different and / or increased number of participants is encouraged by the participants.
